The mutarotation of reducing sugars, which may be represented by the equation T h e k in e tic s o f m u ta r o ta tio n in so lu tio n has long been recognized as one of the simplest of chemical changes. In this paper we present evidence th at the number of atoms taking part in the activation necessary for conversion is probably not more than seven, and not less than four. The distribution of the critical energy is thus highly localized, and cannot spread from the potentially aldehydic group farther than to one neighbouring water molecule or to the contiguous carbon atom in the pyranose or furanose ring, RC. This conclusion is borne out by the new data which we have obtained from the polarimetric examination of some representative sugars taken from the pentose, hexose and disaccharide series.
The mutarotation of reducing sugars, which may be represented by the equation T h e k in e tic s o f m u ta r o ta tio n in so lu tio n has long been recognized as one of the simplest of chemical changes. In this paper we present evidence th at the number of atoms taking part in the activation necessary for conversion is probably not more than seven, and not less than four. The distribution of the critical energy is thus highly localized, and cannot spread from the potentially aldehydic group farther than to one neighbouring water molecule or to the contiguous carbon atom in the pyranose or furanose ring, RC. This conclusion is borne out by the new data which we have obtained from the polarimetric examination of some representative sugars taken from the pentose, hexose and disaccharide series.
The dependence upon temperature, T, of the velocity coefficient, governing the mutarotations is approximately reproduced by the equation in which the constants, C, J and E, are specific for each sugar. Mutarotations thus come into line with hydrogen-ion catalysis (Moelwyn-Hughes 1934) , ionization (Moelwyn-Hughes 1938a) , hydrolysis (Moelwyn-Hughes 19386) and decarboxylation (Johnson and Moelwyn-Hughes 1940) as instances of [ 352 ] ( 1 )
the inapplicability of the Arrhenius equation. These changes are so diverse th a t we may now venture on the generalization th at the apparent energy of activation of all unimolecular reactions in aqueous solution decreases with a rise in temperature. The explanation of this experimental rule must be th at the critical energy is used in part to increase the internal energy of the reacting solute molecule, and in part to release the solute molecule from its imprisonment by solvent neighbours.
The kinetics of m u t a r o t ai n solution E x p e r im e n t a l m eth o d
The mutarotations were investigated polarimetrically, by measuring, from time to time, the specific rotation of an aqueous solution which had been prepared by weight and pre-heated. The verniers of the polarimeter employed-a sensitive instrument constructed to the specifications of the late Professor Lowry-could be read to 0-002°. Our readings were generally reproducible only to 0-01°, and refer to light from the sodium vapour lamp. The half-shadow angle was maintained constant at 6-5°. Preliminary experi ments performed on a number of sugars, using an ordinary water-jacketed 4 dm. tube, enabled us immediately to reproduce the most reliable values in the literature for the rate of mutarotation. In our attem pt to increase the accuracy of the already accurate information available, we succeeded in tracing the greatest uncertainty to fluctuations of temperature in the jacketed tubes.
Water was pumped through an ordinary metal jacket from a thermostat which was capable of maintaining a temperature steady to 0-02°, and the temperature of the circulating water was measured by passing it through lagged bottles on entering and leaving the tube. These bottles were fitted with calibrated thermometers which could be read to 0-01°. When the tem perature of the water differed by more than a few degrees from that of the room, a temperature gradient was detected along the tube, and could not be eliminated by lagging. The gradient amounted to as much as 0-04° per dm. at 313° K.
To overcome this difficulty, a special type of polarimeter tube was con structed, according to the plan shown in figure 1. The circulating water flows first along the inner jacket, and back along the outer one. The inner jacket is then losing heat, not to the surroundings, but to the outer jacket, the temperature of which is only slightly lower than that of the inner one. Experiments with thermometers arranged inside the glass tube showed that this device of compensating temperature gradients ensured uniformity of heating under all the conditions of the present investigation. The most satisfactory method of measuring the temperature of the solution contained in the glass tube is to include a flooded, rubber-bunged thermometer bottle in the system, as near as possible to the inflow to the metal tube. There is no detectable difference between the temperature registered on a thermo meter so fixed and the temperature of the solution inside the glass tube.
The plain glass polarimeter tubes used to contain the solution were fixed into the jacket by rubber washers, as indicated in the diagram, and were removed completely from the metal container after each run.
A stream of air playing on the windows prevented dew from obscuring vision at low temperatures. In carrying out an experiment, about 3 g. of dried sugar were weighed in a calibrated 50 ml. flask, which, along with a second flask containing pure water, was placed in the thermostat. W ater was meanwhile circulating round the empty polarimeter tube. The solution was made at a known instant. While keeping the metal jackets full of thermostat water, the glass tube was removed, filled with the solution, and the apparatus was re assembled. The time taken by these operations was such th at the first optical reading could be taken some 4 min. after the reaction had started. In general, however, we place little reliance on readings taken during the first 10 min. Each accepted rotation is the mean of three readings straddled evenly about the corresponding time.
Purity of materials
The solvent employed throughout was water prepared for electrical conductivity purposes by distillation in an all-quartz still. W ith the excep tion of glucose, the sugars were supplied as bacteriologically pure, and we were unable to increase their purity by crystallization. In the case of the monohydrate of a-lactose, for example, the material supplied gave an initial specific rotation of + 83-37°, a final specific rotation of + 52-44°, and an observed velocity coefficient of mutarotation of 1-843 x 10~4 sec.-1 at 293-19° K. After recrystallization, the figures were +83-35, +52-31, and 1*811 x 10-4 at 293-18° K. The two sets of values agree well with each other and with the accepted constants (Hudson 1903) . The specimen of a-glucose supplied as an analytical reagent compared very favourably with the pure sugar which we prepared according to instructions kindly given us by Professor W. N. Haworth, F.R.S. The specific rotatory power of initial and equilibrated solutions are given in table 1, the bracketed figures in which are due mainly to Hudson and Yanovsky (1917) and in part to MoelwynHughes (1928) . 
Formulation of the kinetics and statics of mutarotation
Four out of the five sugars examined were converted from the a-to the /?-form according to the scheme of opposing unimolecular reactions (Lowry 1899), which, in the special case of a system containing initially only one modification, may be represented as follows: Jca A
B. kp a -x x
If the initial concentration, a, has been reduced to in sec. conversion obeys the differential laŵ
which gives on integration
where
The equilibrium relations ~ = -= K, kp a-xm v > follow from the equivalent suppositions of zero rate (equation (3)) or infinite time (equation (4)).
In the study of reversible reactions, it is expedient to determine the ratio of the velocity coefficients before evaluating either.
J . C. K en d rew and E . A. M oelw yn-H ughes

Static measurements
In the third column of table 2 are to be found the initial specific rotations of the pure sugars, and in the fourth column the specific rotations of the equilibrium mixtures. Each pair of figures refers to solutions of approxi mately 0-25 M concentration, and to the temperature recorded in column 2. The infinhy rotations were obtained by retaining the solution at the experimental temperature until further rotational change could not be detected; they are regarded as accurate to within ± 0-02°. The values for mannose, which was the first sugar to be examined by us, and the bracketed values for other sugars, refer to systems wnich were allowed to react to completion at room temperature. Independent experiments with mannose showed [cqj to fall from 14-14 to 13-92° as T is raised from 290-22 to 313-25° K. The initial rotations were obtained by logarithmic extrapolation to zero time, and are limited in accuracy by the rate of dissolution of the sugar and by the temperature irregularities attending the charging of the tubes. The error due to the former effect is specific, being larger, for example, in the case of lactose than in the case of glucose. The greater error is due to the latter effect, and increases with the difference between the experimental and room temperatures. When this difference is positive, [a0] is too high, and when the difference is negative, [a0] is too low. On plotting the experi mental values of the initial specific rotations as a function of T, we should therefore obtain a point of inflexion at room temperature. This behaviour, as the figures in table 2 reveal, is observed for all the sugars. As may further be seen from these data, a cusp in the curve appears at low temperatures, and a rapid increase of [a0] as T is raised. Without adopting a much more elaborate experimental technique, it is impossible to disentangle the errors of determination from the genuine dependence of the initial rotatory power upon temperature. Such a dependence we consider to be a real one in all the cases examined, though its magnitude is less than in the pronounced case of fructose.
In order to estimate the ratio of the velocity coefficients of the two transformations, we provisionally regard the initial specific rotations, [o$] and [a(5] , of the a-and ^-modifications to be independent of temperature. In terms of these constants, and of the specific rotation [a^] of the equili brated solution, equation (6) becomes
For a-xylose, /^-mannose, a-glucose and a-lactose, we employ the values obtained by us at 298-1° ( The standard increases in thermodynamic potential (G), entropy (S) and heat content (H) associated with the conversion of a gram-molecule of a-sugar into /?-sugar are summarized in table 3. A comparison of for the mutarotation of a-lactose monohydrate with the molar entropy of fusion of water (5-3 cal./deg.) lends support to Hudson's view of the mechanism (Hudson 1903), but we incline to the opinion that the dehydra tion merely plays a part in, but does not constitute, the isomerization. There is no necessity to introduce the conception of dehydration into the other cases under discussion. The molar entropy of the ^-forms of xylose, mannose and glucose is roughly 0-437/ less than the molar entropy of the a-forms, and suggests a very simple configurational rearrangement which must resemble a local freezing. 
Kinetic measurements
With the exception of arabinose, the sugars investigated have been found to obey the law of reversible unimolecular changes. In terms of the experi mental rotation, a, equation (4) becomes a<-<*co = K -a J e -* ',
in which k, the observed unimolecular constant, is the sum of the constants for the direct and inverse reactions (equation (5)). Representative examples of the applicability of this equation to the m utarotation of xylose, mannose, The influence of temperature Before recording our results on the temperature dependence of the velocity coefficient, we shall resolve the composite constants into those governing the individual unimolecular processes. According to equations (5) and (6) 
and that
(14)
All the results for the velocity coefficients and the apparent energies of activation summarized below refer to the rate of conversion of the a-modification into the ^-modification. In the case of each sugar, the apparent energies of activation afforded by equation (12) are found to decrease as the temperature is raised. The velocities and energies measured at 298T°K are summarized in table 9, in the last column of which we give the rate of decrease of the activation energy and the probable error. The latter figures The calculated values of the velocity coefficients are denoted, respectively, by l and m. Assuming that J is zero, we find, by the method of least squares, that the best average value of the energy of activation for the whole tem perature region examined is 16,950 cal. If now we define ex as 100, then Ze\ becomes 18 in round figures. When = 16,900, Ee\ = 1 9 , and when Ea = 17,000, Ee\ = 23. By the same method, a comparison of the experimental results with equation (2) fixes -within the limits 20 ± 3. The best fit is found when J is -18, but, for the reasons given earli value for all the sugars has been accepted in the summarizing tables. The quantities l and m of table 14 are given by the relations log 10l = 8-5983 -16,950/4-571 T and log10 w = 34-981 -(18/i?)log10 T -22,317-6/4-571T. The percentage error, e2, according to the second of these equations is (m -fc)/100. It is seen from the table th at the equation of Arrhenius repro duces the experimental facts to a very satisfactory first approximation. The agreement is best in the medium temperature interval, to which the apparent energy truly belongs. The best fit of the Arrhenius equation, however, always fails, in reactions of this kind, to account with sufficient accuracy for the velocity at the extreme temperatures. It is also appreciated from table 14 that-equation (2) is in better conformity with our results; e2 is not only smaller than ex but is more evenly spread. The refined analysis of the temperature dependence of the velocity coefficient of reac tions in solution is more fully dealt with in a concurrent publication on the decomposition of phenyldiazonium chloride (Johnson and MoelwynHughes 1940).
T a b l e 14. A c o m pa r iso n of t h e e x p e r im e n t a l r e s u l t s f o r g lu c o se WITH EQUATION (2), TAKING AS 0 AND AS -18
Comparison with earlier work
The velocity of mutarotation of glucose in water at 293*10° K is a wellknown kinetic standard, assessed by the classical work of Riiber (1923) In the case of lactose, we cannot assess closer than 110 cal. at 294*17°. Our value of 17,033 agrees with, and is seen to be more accurate than, th at derived from the results of Hudson (1903) , which is 16,880 + 670 at the same temperature.
In the case of glucose, the familiar work of Hudson and Dale (1917) has long been regarded as a good instance of the applicability of the Arrhenius equation. With one exception, however, their EA values fall regularly as T is raised. This fact was first noted by G. F. Smith and M. C. Smith (1937) , whose own experiments confirm their deduction and yield an approximate value of J --29.
The mutarotation of arabinose
The changes in optical rotation observed during the mutarotation of pure a-arabinose in aqueous solution do not obey the law of reversible unimolecular reactions. The velocity coefficient calculated by means of the equation consequently varies with the extent of chemical change, as instanced in table 15. Approximate values for the composite velocity constants at zero and infinity times are summarized in table 16, along with the corresponding values of ka. These results indicate the existence of more than two modifica tions of arabinose in solution; and until these have been characterized by rotatory constants, the kinetic interpretation is impossible. 
Discussion
The kinetics of reactions in solution may now be regarded as in the third stage of development. The first stage coincides with the elucidation of molecular mechanism as revealed by measurements made at constant temperature. The dependence of the velocity of reaction on the concentration of reactants leads to the order of reaction; its dependence on added sub stances to the detection of catalysis; and its dependence on salt concentration and dielectric capacity of the medium to the magnitude of the electrostatic disturbances. The second stage is represented by the approximate deter mination of the variation of the velocity coefficient with temperature. This phase is marked by the study of the equation which has the form so often assumed by simple physicochemical systems which obey the Boltzmann statistics. The first coherent presentation of the whole available data has, in fact, centred round a comparison of the constant A with certain theoretical frequencies of vibrations within the molecule in the case of unimolecular reactions, and of encounters between molecules in bimolecular and termolecular reactions. The comparison rests on the necessary assumption that RB is the energy of activation. The third stage, to which the present series of investigations belongs, is concerned with the modes of allocation of the critical energy among the oscillators which become excited or damped during activation. Its development requires data which are both more extensive and precise than those ordinarily available, and an abandonment of the classical for quantal statistics.
As indicated in the opening sections of this paper, we now consider the experimental evidence sufficiently strong to warrant the generalization th at unimolecular reactions in aqueous solution conform more closely to the following equation (cf. equation (2)
than to the equation of Arrhenius. According to classical and quantal theories, the integer b is the number of feeble oscillations which take part in the activation. For example, the unimolecular constant, governing the conversion of a-glucose into /^-glucose, may be expressed as follows: log10 ka = 37-814 -1 0 log10 T -5039-34/T.
Thus ten oscillations are involved , though the number is uncertain between 7 and 13 (see table 9 ). In the hydrolysis of methyl bromide, the number is so much higher (34 + 4) that we may rule out a hydrolytic mechanism for the mutarotation, which may be legitimately considered as a highly localized activation confined to the potentially aldehydic group and possibly one water molecule. This relative simplicity in the mechanism, coupled with the similarity of the outer sugar structure to water, suggests th a t our observations at constant pressure are not very different from those which would be obtained a t constant volume. We shall therefore compare our results directly with equation (12) 
n<i-e-^vniw/H)
The effective mean frequency, defined by the relation
is then found'to be 6-61 x 1012 sec.-1, which lies near to the frequency kT/h (6-24 x 1012 at T = 29.8-2° K). The corresponding mean wave is 220 cm.-1. These results support the supposition of activation among feeble oscillators, many of which would appear to be of the hindered rotational type (Fox and Martin .1940 ).
The exact comparison of theory and experiment requires information on the complicated question of the dependence of many of these oscillatory frequencies on temperature. Until such information appears, we may regard the present theory as sufficiently clear in outline though blurred in detail.
In table 17 we give the results of similar calculations for other reactions studied in this series. Columns 2 and 3 contain the experimental values of the energy of activation and effective mean frequency. In the last column is found the number of quanta, hv, which would fully account for We infer th a t the activation energy in m utarotation is not drawn solely from oscillatory motions or th at each oscillator contributes many quanta. In the other cases, the figures in columns 4 and 5 tally.
is about 21 for trinitrobenzoic acid and about 9 for trichloracetic acid; one is naturally inclined to attribute the difference of 12 to the three nitro groups, which may claim 4 each. We are greatly indebted to Professor W. N. Haworth, F.R.S., for advice in the purification of glucose, to the Chemical Society for a grant which partly defrayed the cost of chemicals, and to the Department of Scientific and Industrial Research for a maintenance allowance. Mr P. Johnson gave us most valuable assistance in completing our programme of work, which would otherwise have been left unfinished.
